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E-mail address: wilkenss@upstate.edu (S. WilkensThe peripheral stalk of the archaeal ATP synthase (A1A0)-ATP synthase is formed by the heterodimer-
ic EH complex and is part of the stator domain, which counteracts the torque of rotational catalysis.
Here we used nuclear magnetic resonance spectroscopy to probe the interaction of the C-terminal
domain of the EH heterodimer (ECT1HCT) with the N-terminal 23 residues of the B subunit (BNT).
The data show a speciﬁc interaction of BNT peptide with 26 residues of the ECT1HCT domain, thereby
providing a molecular picture of how the peripheral stalk is anchored to the A3B3 catalytic domain
in A1A0.
Structured summary:
MINT-7260681: Hct (refseq:NP_393485), Ect1 (uniprotkb:Q9HM68) and Bnt (uniprotkb:Q9HM64) physi-
cally interact (MI:0915) by nuclear magnetic resonance (MI:0077)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The archaeal ATP synthase (A1A0)-ATP synthase (A-ATPase) cou-
ples proton translocation across membranes to the synthesis of
ATP [1–3]. Though likely functioning as an ATP synthase in vivo,
the archaeal A-ATPase is structurally more akin to the eukaryotic
vacuolar ATPase (V-ATPase; [2,4,5]) and has been described as a
chimera of the bacterial F-type ATP synthase and V-type ATPases
[6].
Similar in overall shape to the V- and F-ATPases, the A-ATPase
consists of two sectors, the soluble a water soluble domain (A1)
and a membrane bound domain (A0) [7]. The subunit composition
of the A-ATPase is A3B3CDE2FH2IKx, in the noted stoichiometry
[5,8,9]. It is generally assumed that the A-ATPase, much like the
V- and F-ATPases, utilizes a rotary mechanism of energy coupling
as shown for the bacterial A/V-type enzyme [10].
In the A1 domain, three alternating copies of A and B subunits
form a hexameric structure into which part of the central stalk,
composed of subunits D and F, is inserted [7,10]. Subunit F is lo-
cated at the end of the central stalk where contact is made withchemical Societies. Published by E
ater soluble domain of the
he A1A0-ATP synthase; NMR,
ex; HSQC, heteroatom single
).the C subunit of the A0 domain [5,11]. The ring of proteolipids (sub-
unit K), analogous to the subunit c-ring of the V- and F-ATPases,
binds strongly to the C subunit, completing the central stalk [12].
Unlike the F-ATPase a subunit, the A-ATPase I subunit (as well as
the related V-ATPase a subunit) have large cytoplasmic N-terminal
domains (INT; aNT) that extend toward the catalytic sector [8,13]. In
the A-ATPase, the I subunit N-terminal domain binds two periph-
eral stalks each composed of a subunit EH heterodimer that link
the catalytic hexamer to the membrane bound part of the stator
domain. However, the nature of the connection of the peripheral
stators to the top of the ATPase domain is not well understood.
In the bacterial F-ATPase, the N-terminal 20 residues of one of
the a subunits mediates the connection with the peripheral stalk
via the N-terminal domain of the d subunit [14,15]. Since there is
no homolog to F-ATPase d subunit in the A- or V-type ATPases, it
is thought that perhaps the C-terminus of subunit E carries out a
similar function by binding to the N-terminal region of the B sub-
unit [16,17] as suggested by the structural homology between
A-type B and F-type a subunits [18]. The crystal structure of
Methanosarcina mazei Gö1 A-ATPase B subunit has been solved
and superimposes on the homologous bovine F-ATPase a subunit
with a R.M.S. deviation of 1.8 Å [18].
Previously we have shown that the Thermoplasma acidophilum
A-ATPase subunits E and H form a 1:1 heterodimer that is mono-
disperse and elongated in solution, consistent with its role as the
peripheral stalk element in the A-ATPase [17]. More recently we
have described the domain composition of EH as consisting of anlsevier B.V. All rights reserved.
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nal globular domain, (E83–185H91–111; ECT1HCT; [19]).
Here we describe the interaction of the ECT1HCT complex
with a peptide comprised by the N-terminal 23 residues of
the T. acidophilum A-ATPase B subunit (BNT) as probed by nucle-
ar magnetic resonance (NMR) spectroscopy. We show that BNT
binds to ECT1 in a region distal to the region that we have pre-
viously shown to bind HCT. Furthermore, we found that BNT
binds to E subunit C-terminal domain only when in complex
with H subunit C-terminal peptide (ECT1HCT). This study demon-
strates the interaction of the EH peripheral stalk C-terminal do-
main with the N-terminus of the B subunit, providing insight
into the structure, function, and evolution of the A- and related
V-ATPases.
2. Materials and methods
2.1. Sample preparation
15N-labeled ECT1HCT complex was produced as previously
described [19]. The peptide comprising residues 1–23 of the
T. acidophilum B subunit (BNT; NCBI accession number NP_393483)
was purchased from GenScript. Protein concentrations were deter-
mined by weight and absorbance at 280 nm for BNT and ECT1HCT,
respectively. BNT was dissolved in water and lyophilized in 1 mg
amounts.
2.2. NMR titration of ECT1HCT with BNT
NMR spectra were collected at 25 C on a 600-MHz Bruker
Avance spectrometer equipped with a HCN triple-axis gradient
probe as described [19]. 0.5 mM ECT1HCT was titrated with BNT
from 0 to 3.6 mM in 0.6 mM increments. At each titration point,
a 15N heteroatom single quantum coherence (HSQC) spectrum
was recorded. All NMR data were processed and visualized in
Felix 2004 (Felix NMR Inc.). Resonance assignment of ECT1HCT
has been described elsewhere [19]. Chemical shift perturbations
were calculated as combined 1H/15N chemical shifts (Dd)
with the equation: Dd =
p
(DdH2 + 0.154DdN2), where DdH and
DdN are the differences between the initial and ﬁnal points of
the titration for the 1H and 15N chemical shifts, respectively
[20,21].2.3. Binding afﬁnity of ECT1HCT and BNT
Residues experiencing the largest amide chemical shift per-
turbations upon BNT binding were selected for curve ﬁtting.
Chemical shift changes as a function of BNT binding were ﬁtted
to a single site binding model in KaleidaGraph (Synergy
Software).Fig. 1. Partial sequence alignment of A-, V-, and F-ATPase subunits. An unrooted alignm
subunit and homologs from various sources. For brevity, only the N-terminal 80 residue
in the aligned sequences. The color scheme is orange (GPST), red (HKR), blue (FWY), and
peptide sequence is boxed in red and the E. coli F-ATPase a subunit N-terminal helix is bo
N-termini are similar and are predicted (T. acidophilum prediction above sequence) or k
sequences may reﬂect sequence initiation from an internal methionine.3. Results
3.1. Primary sequence analysis of A-ATPase B subunit
When designing the BNT peptide, variation was found in the
length of the N-termini between sequence depositions from the
same source organism. For example, the sequence of M. mazei A-
ATPase B subunit available in the Swiss-Prot database (Q60187)
is N-terminally truncated by 18 residues compared to the entry
in the NCBI database (NP_632803). The recently reported crystal
structure of the M. mazei B subunit was determined using the
shorter form of the subunit [18]. A similar variation is found for
T. acidophilum B subunit with 16 residues being absent in
Q9HM64 vs. NP_393483. For other species, such as Thermus ther-
mophilus (Q0B637) and Enterococcus hirae (Q56404), it appears that
only the shorter form is available.
Sequence alignment of the B subunits from multiple sources
reveals high conservation with slight variations in the length of
the N-termini (Fig. 1). Interestingly, the length of the E. coli ATP
synthase a subunit N-terminus is similar to the full length N-ter-
mini from the A- and V-type B subunits. While there is modest
sequence identity between the related subunits in the N-terminal
region, secondary structure prediction (Fig. 1) suggests conserva-
tion of an N-terminal a helix, as found in the F-ATPase a subunit
[15].
3.2. Titration of ECT1HCT with BNT as monitored by NMR spectroscopy
NMR titration of 0.5 mM 15N-labeled ECT1HCT with 0–3.6 mM
BNT revealed a change in chemical environment for a subset of
ECT1HCT residues (Fig. 2A). The absence of signiﬁcant line broaden-
ing in presence of BNT peptide and the saturable nature of the
chemical shift changes (Fig. 2B) suggests that the binding of BNT
to ECT1HCT is speciﬁc and occurs on the time scale of fast-exchange.
The binding afﬁnity of ECT1HCT and BNT was estimated by ﬁtting
the chemical shift changes of three residues (E159, L160, and
D161) as a function of BNT concentration to a single site binding
model (Fig. 2C). Each of the curve ﬁts had R values above 0.99, con-
sistent with 1:1 stoichiometry. The estimated dissociation con-
stants were 2.2 ± 0.2, 2.2 ± 0.2, and 2.9 ± 0.1 mM for E159, L160,
and D161, respectively. Subsequent to the NMR titration, the mix-
ture of ECT1HCT and BNT was subjected to size exclusion chromatog-
raphy (Superdex 75). Both species eluted in separate peaks (data
not shown), consistent with the relatively weak afﬁnity as deter-
mined by the NMR titration.3.3. Mapping of the BNT binding site
The chemical shift change upon titration was quantiﬁed as com-
bined 1H/15N chemical shift perturbation (Dd; [21]). The Dd forent was generated using the Clustal X program [31] between the T. acidophilum B
s are shown. The symbols ‘‘.”, ‘‘:”, and ‘‘*” reﬂect increasing conservation per residue
green (ILMV) indicating groups of similar residues. The T. acidophilum A-ATPase BNT
xed in black. Aside from the T. thermophilus and E. hirae B subunits, the lengths of the
nown to be a-helical [15]. The relative shortness of the T. thermophilus and E. hirae
Fig. 2. ECT1HCT binds to BNT. (A) Overlay of 1H/15N HSQC spectra from titration points 0 mM (black), 1.2 mM (blue), and 3.6 mM (red) ﬁnal BNT concentration. ECT1HCT peaks
with greater than average 1H/15N combined chemical shift perturbation (Dd; Dd =
p
(DdH2 + 0.154DdN2)) are labeled, HCT residues are underlined. (B) Enlargement of lower
box in (A) showing perturbed residues used for curve ﬁtting in (C). Arrows indicate peak migration upon titration with 0 mM (black), 0.6 mM (blue), 1.2 mM (red), 1.8 mM
(green), 2.4 mM (orange), 3.0 mM (brown), and 3.6 mM (purple) ﬁnal BNT ﬁnal concentration. (C) Kd values for BNT binding to ECT1HCT. Chemical shifts were plotted as a
function of BNT concentration for E159, D161 (1H) and L160 (15N). A 1:1 binding ratio was assumed resulting in ﬁts with R values >0.99. The Kd for the binding of ECT1HCT and
BNT was estimated as 2 mM (see text for details).
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Residues experiencing chemical shift perturbations greater than
average (Dd > 0.0247 parts per million (ppm)), one to two standard
deviations above the mean (0.0677 ppm > Dd > 0.0969 ppm), andover two standard deviations above the mean (Dd > 0.0969 ppm)
are colored yellow, orange, and red, respectively. Speciﬁcally, the
backbone amide groups of 26 observed ECT1HCT residues experi-
enced a greater than average Dd upon titration with BNT. These
Fig. 3. Residue speciﬁc chemical shift perturbations upon binding to BNT and mapping of affected residues. (A) Histogram of per residue 1H/15N combined 1H/15N chemical
shift perturbation (Dd;Dd =
p
(DdH2 + 0.154DdN2)). Yellow residues have above averageDd (Dd > 0.0247 ppm), orange residues are between one and two standard deviations
(0.0677 ppm <Dd < 0.0969 ppm), and red residues are above two standard deviation from the mean (Dd > 0.0969 ppm). (B) Mapping of affected residues onto the
homologous P. horikoshii ECT crystal structure (2DMA; [23]) using the same color scheme from (A). (C) Working model for the structural arrangement of the peripheral stalk in
the A1A0-ATP synthase. For details, see text.
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Of these, seven ECT1 residues (V112, A116, I158, L162, S165, I171,and R174) and one HCT residue (L109) exhibited a Dd between
one and two standard deviation above the mean. Three other
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more than two standard deviations above the mean. Previously,
we have analyzed the secondary structure content of ECT1 bound
to HCT by the chemical shift index protocol (CSI; [19,22]). Second-
ary structure assignments were used to guide a sequence align-
ment between T. acidophilum ECT1 and the homologous E81–198
from the Pyrococcus horikoshii A-ATPase (Ph_ECT) for which there
is a crystal structure (2DMA; [23]). This alignment revealed a high
degree of secondary structure conservation between ECT1 and
Ph_ECT. In the previous study this alignment was used to map
ECT1 residues that changed chemical shift upon binding to HCT
and dimer disruption (Ph_ECT crystallized as a dimer), here we
use this same alignment to map ECT1 residues (bound to HCT) with
sizable Dd upon binding to BNT (Fig. 3B). Importantly, in absence of
HCT, no interaction between ECT1 and BNT was detected by NMR
spectroscopy, suggesting that the conformational changes previ-
ously found to be coincident with ECT1 dimer disruption upon
binding HCT [19] are likely required for interaction with BNT. No
high-resolution information is available for subunit H, though the
secondary structure content of HCT was analyzed by CSI and found
to consist of a helix from residues 94–109 [19].
The binding interface between ECT1HCT and BNT is largely con-
ﬁned to two distinct regions on the primary structure of ECT1, res-
idues 112–118 and 158–162 (Fig. 3A). The corresponding
residues on the P. horikoshii ECT crystal structure spatially cluster
around b-sheet 4 and the C-terminus of a-helix 2 (Fig. 3B) with less
affected residues located around the periphery of this region (yel-
low). The majority of HCT residues appear to undergo little Dd upon
binding BNT except the very C-terminus, indicating that this region
of HCT is close to the BNT binding site on ECT1, consistent with pre-
vious NMR interaction data [19].4. Discussion
As rotary molecular motors, the A-, V-, and F-type ATPases con-
sist of a stator domain and a rotor domain. The stator domain var-
ies in complexity amongst the three classes and is required to
stabilize the catalytic sector against the force of central stalk rota-
tion. A peripheral stalk, found in all rotary ATPases, functions to
link the catalytic and membrane bound parts of the stator domain.
In the bacterial ATP synthase, the peripheral stalk is comprised of a
subunit b homodimer (b2) linked to the d subunit via their respec-
tive C-termini, and to the membrane bound a subunit via their
N-terminal TM segments. It is known that b2 connects to the a sub-
unit in the membrane via trans-membrane a helices on its N-ter-
minus [24], whereas the N-terminus of d (dNT; 3–105) binds to
the N-terminal 20 residues of an a subunit (aNT; 8–18) at the
top of a3b3 [14,15]. This arrangement effectively anchors the top
of a3b3 to the membrane.
In the A-ATPase (much like the vacuolar ATPase), the peripheral
stalk is formed by a subunit EH heterodimer (EG for the V-ATPase)
that is organized in a N-terminal coiled-coil and a C-terminal glob-
ular domain [19]. Though there is no homolog of d in the A- or V-
type enzymes, it has been suggested that E may have evolved from
a fusion of F-ATPase b and d-like proteins and that the C-terminus
of E (ECT) may perform the analogous function of binding the
peripheral stalk to the catalytic sector [16,17]. This speculation is
supported by immunoelectron microscopy that recently localized
ECT to the top of the hexamer in yeast V-ATPase [13]. However,
the predicted secondary structure of the subunit E C-terminus is
most similar to the C-terminal domain of d (dCT) and not the aNT
binding dNT [17]. Therefore, if the A- and V-type E subunits do in-
deed take the place of d in binding the peripheral stalk to the hex-
amer, a connection distinct from that made by the N-terminal
domain of d in the F-ATPase would be expected. Thus, the natureof peripheral stalk attachment to the top of the A3B3 hexamer in
the V-ATPase is of particular interest.
In the present study, we have demonstrated the interaction of
the T. acidophilum A-ATPase peripheral stalk C-terminal domain
(ECT1HCT) with residues 1–23 of the B subunit N-terminus (BNT).
Titration of 15N-ECT1HCT with BNT was observed by 15N HSQC
NMR spectroscopy and it was found that the chemical shifts of spe-
ciﬁc residues were perturbed in a saturable fashion by addition of
BNT (Fig. 2). These residues were mapped onto the crystal structure
of the P. horikoshii A-ATPase subunit E C-terminus (E81–198; Ph_ECT;
2DMA; [23]), guided by secondary structure alignment as previ-
ously described [19]. Residues experiencing greater than average
chemical shift perturbation cluster around the interface of a-helix
2 and b-sheet 4 (Fig. 3B), distal to the region of ECT1 implicated in
binding to HCT [19]. This arrangement would permit the EH periph-
eral stalk to accommodate the curvature near the top of the cata-
lytic headpiece (A3B3), thereby making contact with BNT via the
ECT1HCT globular domain, while the ENT2HNT coiled-coil domain
[19] extends down along the periphery of the A3B3 headpiece to
bind INT, consistent with a recent EM reconstruction of the A-ATP-
ase [9].
Given the similarity of the A- and V-type peripheral stalks
[17,25], it is likely that a homologous arrangement for peripheral
stalk attachment to the catalytic sector is present in the V-ATPase.
These observations are of interest in the understanding of the ro-
tary ATPases for several reasons. First, it appears that the point of
peripheral stalk(s) attachment is conserved amongst the A-, V-,
and F-type ATPases, namely the N-terminal 20 residues of the
non-catalytic nucleotide binding subunit (a in F-type; B in A/V-
type). Second, the attachment point on the A-type, and likely the
V-type, peripheral stalks is structurally distinct from that in the
ATP synthase, consisting of mixed a-helix and b-sheet content as
opposed to a six a-helix bundle in the F-type [15]. Furthermore,
our ﬁndings support the A-type, and likely V-type, E subunits as
arising from the fusion of F-ATPase b and d-like subunits.
A 2 mM afﬁnity was estimated for the binding of ECT1HCT to BNT
from ﬁtting a single sites model to a plot of chemical shift as a
function of titrant concentration for residues E159, L160, and
D161 (Fig. 1C). Given the reported afﬁnity between E. hirae A-ATP-
ase EH (A-ATPase subunit nomenclature) and INT is 150 nM [26],
the relatively low value we ﬁnd here for ECT1HCT binding to BNT is
consistent with the co-puriﬁcation of EH and I upon chemical dis-
sociation from the K-ring in T. thermophilus [5]. Yet, in comparison
to the reported120 nM afﬁnity between aNT and dNT [14], this ap-
pears to be somewhat weak. Two important factors may explain
this difference. First, the A/V-ATPase peripheral stalks lack an inte-
grated membrane anchor and likely make up for this via additional
interactions at the periphery of the B [27] or A subunits [28]. Sec-
ondly, unlike EH, which stays attached to I of the A0 domain, V-
ATPase EG remains with V1 upon dissociation [29]. Therefore, it
is likely that EG has a higher afﬁnity for A3B3 than EH, possibly
due to the presence of additional subunits in V1, and may reﬂect
V-ATPase speciﬁc assembly requirements for regulation by revers-
ible disassembly [30].
Our ﬁndings here demonstrate the interaction of the C-terminal
domain of the EH peripheral stalk with the N-terminal 20 resi-
dues of the B subunit. These data provide insight into the arrange-
ment of A- and V-type ATPase peripheral stalk attachment to the
catalytic sector and the evolutionary origins of the same. Work is
ongoing in our laboratory to assess the range of A-ATPase periph-
eral stalk interaction with the catalytic sector.
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